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Green-light emissionErbium and cerium co-doped tantalum-oxide (Ta2O5:Er, Ce) thin ﬁlms were fabricated using
radio-frequency co-sputtering of Ta2O5, Er2O3, and CeO2 for the ﬁrst time. Enhanced green-light emission
due to Er3+ that seems to be sensitized by Ce3+ was observed from the ﬁlm annealed at 900 C for 20 min.
From XRD measurements of the ﬁlms, the b-Ta2O5 (orthorhombic), d-Ta2O5 (hexagonal), and (201) Ta2O5
phases seem to be very important for obtaining green PL from them. Such Ta2O5:Er, Ce co-sputtered ﬁlms
can be used as high-refractive-index materials of autocloned photonic crystals that can be applied to
novel green-light-emitting devices, and they will also be used as multi-functional coating ﬁlms that
can work both as anti-reﬂection and down-conversion ﬁlms for realizing high-efﬁciency silicon solar
cells.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction devices [1], and they will also be used as down-conversion layersTantalum (V) oxide (Ta2O5) is a high-refractive-index material
used in passive optical elements such as Ta2O5/SiO2 multilayered
wavelength ﬁlters for dense wavelength-division multiplexing
(DWDM). It has also been used as a high-index material of
Ta2O5/SiO2 multilayered photonic-crystal elements for the visible
to near-infrared range fabricated using the autocloning method
based on radio-frequency (RF) bias sputtering [1–3], and it can
additionally be used as an anti-reﬂection coating material for sili-
con solar cells [4].
On the other hand, many studies on rare-earth-doped Ta2O5
have been conducted because Ta2O5 is a potential host material
for new phosphors due to its low phonon energy (100–450 cm1)
compared with other oxide materials such as SiO2 [5]. We have
reported on various rare-earth (Er, Eu, Tm, Y, and Ce) doping into
Ta2O5 thin ﬁlms using simply co-sputtering of rare-earth-oxide
(Er2O3, Eu2O3, Tm2O3, Y2O3, and CeO2) pellets and a Ta2O5 disc
[6–11]. Moreover, in our recent study, we fabricated Er, Eu, and
Ce co-doped Ta2O5 (Ta2O5:Er, Eu, Ce) thin ﬁlms using the same
co-sputtering method, and observed yellow PL from the ﬁlms
[11]. The yellow light emission seemed to be obtained from the
result of enhancement of the 550-nm (green) PL peak due to Er3+
by Ce doping [12]. Such Ta2O5-based sputtered ﬁlms can be used
as high-refractive-index and light-emitting materials of autocloned
photonic crystals that can be applied to novel light-emissionfor realizing high-efﬁciency silicon solar cells [13,14].
In this study, we prepared Er and Ce co-doped Ta2O5 (Ta2O5:Er,
Ce) thin ﬁlms using RF magnetron co-sputtering of Ta2O5, Er2O3,
and CeO2, and observed an enhanced green PL peak due to Er3+ that
seems to be sensitized by Ce ions from the ﬁlms.
2. Fabrication
Ta2O5:Er, Ce thin ﬁlms were deposited using an RF magnetron
sputtering system (ULVAC, SH-350-SE). A Ta2O5 disc (99.99% pur-
ity, diameter 100 mm) was used as the sputtering target. We
placed one CeO2 and two Er2O3 pellets (99.9% purity, diameter
20 mm) on the Ta2O5 disc. They were co-sputtered by supplying
RF power to the target. The ﬂow rate of Ar gas introduced into
the vacuum chamber was 15 sccm, and the RF power supplied to
the target was 200W. Fused-silica plates (1 mm thick) were used
as substrates, and they were not heated during sputtering. We sub-
sequently annealed the ﬁlms in ambient air at 600, 700, 800, or
900 C for 20 min using an electric furnace (Denken, KDF S-70).
3. Evaluation
The PL spectra of the Ta2O5:Er, Ce co-sputtered ﬁlms were mea-
sured using a dual-grating monochromator and a CCD detector
(electrically cooled to 80 C). An He-Cd laser (wavelength
k = 325 nm) was used to excite the ﬁlms. The X-ray diffraction
(XRD) patterns of the ﬁlms were recorded using an X-ray diffrac-
tometer, and the Er and Ce concentrations of the ﬁlms were
Fig. 1. PL spectra of Ta2O5:Er, Ce co-sputtered ﬁlms annealed at 600, 700, 800, or
900 C for 20 min.
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Fig. 2. XRD patterns observed from Ta2O5:Er, Ce co-sputtered ﬁlms annealed at 600,
700, 800, or 900 C for 20 min.
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Fig. 3. PL spectra of Ta2O5:Er, Ce and Ta2O5:Er co-sputtered ﬁlms annealed at 900 C
for 20 min.
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(EPMA).
Fig. 1 presents the PL spectra of Ta2O5:Er, Ce ﬁlms annealed at
600, 700, 800, or 900 C for 20 min. We observed typical PL peaks
around wavelengths of 550 and 670 nm from the ﬁlm annealed
at 900 C. The 550-nm peak seems to be the result of the
4S3/2? 4I15/2 transition of Er3+, and the 670-nm peak seems to be
the result of the 4F9/2? 4I15/2 transition of Er3+ [6]. The Er and Ce
concentrations of the ﬁlm were measured to be 1.6 and
3.4 mol%, respectively. No PL peak was observed from the ﬁlms
annealed at 600, 700, or 800 C.
Fig. 2 presents XRD patterns of the ﬁlms annealed at 600, 700,
800, or 900 C for 20 min. The ﬁlm annealed at 900 C exhibited
three major diffraction peaks corresponding to the (001);
b-Ta2O5 (orthorhombic), (200); d-Ta2O5 (hexagonal), and (201)
Ta2O5 phases [15]. On the other hand, the ﬁlms annealed at 600,
700, and 800 C seemed to be almost amorphous phases because
no signiﬁcant diffraction peak was observed from them. As the
results shown in Fig. 1, we observed PL peaks only from the ﬁlm
annealed at 900 C. Therefore, the above-mentioned three crys-
talline phases of Ta2O5 seem to be very important for obtaining
green PL from our Ta2O5:Er, Ce co-sputtered ﬁlms.
Fig. 3 presents PL spectra of our Ta2O5:Er, Ce and Ta2O5:Er
(without Ce) co-sputtered ﬁlms annealed at 900 C for 20 min.
We observed a signiﬁcant enhancement of the PL intensity by Ce
doping. The mechanism of the enhancement seems to be the
energy transfer from Ce3+ to Er3+ reported by Du et al. [12]. It seems
that Ce3+ (not Ce4+) ions can be exist in the ﬁlms prepared using
CeO2 (cerium (IV) oxide) pellets because a small amount of Ce3+
exists at the surface of CeO2 [16].
As well known, the light emission from Ce3+ is due to the
transitions from 5d to 4f states, and the emission band of Ce3+ is
usually broad covering wavelengths from 350 to 600 nm [17,18].
In addition, an excitation spectrum of Er3+ around the emissionwavelength of 550 nm seems to range from 350 to 500 nm [12].
The excitation-spectrum range overlaps with the emission-band
range of Ce3+. Therefore, Ce3+ ions in our Ta2O5:Er, Ce co-sputtered
ﬁlms seem to act as efﬁcient sensitizers for the green-light emis-
sion from Er3+ [12].
4. Summary
Ta2O5:Er, Ce thin ﬁlms were fabricated using RF co-sputtering of
Ta2O5, Er2O3, and CeO2 for the ﬁrst time. Enhanced green-light emis-
sion due to Er3+ that seems to be sensitized by Ce3+ was observed
from the ﬁlm annealed at 900 C for 20 min. From XRD measure-
ments of theﬁlms, theb-Ta2O5 (orthorhombic), d-Ta2O5 (hexagonal),
and (201) Ta2O5 phases seem to be very important for obtaining
greenPL fromthem. SuchTa2O5:Er, Ce co-sputteredﬁlmscanbeused
ashigh-refractive-indexmaterials of autocloned (multilayered)pho-
tonic crystals that can be applied to novel green-light-emitting
devices, and they will also be used as multi-functional coating ﬁlms
that can work both as anti-reﬂection and down-conversion ﬁlms for
realizing high-efﬁciency silicon solar cells.
Acknowledgments
Part of this work was supported by JSPS KAKENHI Grant
Number 26390073, Japan.
References
[1] Hanaizumi O, Miura K, Saito M, Sato T, Kawakami S, Kuramochi E, et al. IEICE
Trans. Electron. 2000;E83-C:912–9.
[2[ Sato T, Miura K, Ishino N, Ohtera Y, Tamamura T, Kawakami S. Opt. Quant.
Electron. 2002;34:63–70.
[3] Miura K, Ohtera Y, Ohkubo H, Akutsu N, Kawakami S. Opt. Lett. 2003;28:734–6.
[4] Cid M, Stem N, Brunetti C, Beloto AF, Ramos CAS. Surf. Coat. Technol.
1998;106:117–20.
[5] Sanada T, Wakai Y, Nakashita H, Matsumoto T, Yogi C, Ikeda S, et al. Opt. Mater.
2010;33:164–9.
[6] Singh MK, Fusegi G, Kano K, Bange JP, Miura K, Hanaizumi O. IEICE Electron.
Exp. 2009;6:1676–82.
[7] Singh MK, Miura K, Fusegi G, Kano K, Hanaizumi O. Key Eng. Mater.
2013;534:154–7.
[8] Miura K, Arai Y, Osawa T, Hanaizumi O. J. Light Vis. Env. 2012;36:64–7.
[9] Miura K, Osawa T, Yokota Y, Suzuki T, Hanaizumi O. Results in Phys.
2014;4:148–9.
[10] Miura K, Osawa T, Yokota Y, Hanaizumi O. Results in Phys. 2014;4:185–6.
[11] Miura K, Osawa T, Suzuki T, Yokota Y, Hanaizumi O. Results in Phys.
2015;5:26–7.
[12] Du Q, Zhou G, Zhou J, Zhou H, Zhan J. Mater. Res. Bull. 2012;47:3774–9.
[13] Rodriguez VD, Tikhomirov VK, Mendez-Ramos J, Yanes AC, Moshchalkov VV.
Sol. Energy Mater. Sol. Cells 2010;94:1612–7.
[14] Ueda J, Tanabe S. J. Appl. Phys. 2011;110:073104.
[15] Bange JP, Singh MK, Kano K, Miura K, Hanaizumi O. Key Eng. Mater.
2011;459:32–7.
[16] Roh J, Hwang SH, Jang J. ACS Appl. Mater. Interfaces 2014;6:19825–32.
[17] Ntwaeaborwa OM, Swart HC, Kroon RE, Holloway PH, Botha JR. Surf. Interface
Anal. 2006;38:458–61.
[18] Yang CH, Pan YX, Zhang QY. Mater. Sci. Eng. B 2007;137:195–9.
